Introduction
Periodontal disease, a chronic, destructive condition affecting a large portion of the adult population of the United States, is one of the major causes of tooth loss in adults [1] . Periodontal disease is characterized by a chronic oral bacterial infection which results in inflammation of the gums, leading to the gradual destruction of periodontal tissues and alveolar bone supporting the teeth [2, 3] . The National Health and Nutrition Examination Survey (NHANES) 1999-2000 estimates that the prevalence of periodontitis among adults in the USA is 4.2%, which was an appreciable decline from the 7.3% reported during NHANES III, using data collected between 1988 and 1994 [4] . Periodontitis cases were defined as individuals who had at least three tooth sites with clinical attachment loss greater than or equal to 4 mm, and at least two sites with pocket depth greater than or equal to 3 mm [4] . Elderly Mexican-American adults in the USA currently experience the highest prevalence of periodontitis, with 18.1% of people aged 60 years or older suffering from the disease. In that same age group, 15 .6% of nonHispanic black adults, and 8.2% of nonHispanic white adults had periodontitis. Younger adults are diagnosed less frequently with periodontal disease, with prevalence estimates of 1.1% for nonHispanic whites, 1.3% for Mexican-Americans, and 2.1% for nonHispanic blacks aged 18-34 years. For adults aged 35-59 years, 4.2% of nonHispanic whites, 6 .8% of Mexican-Americans, and 9.6% of nonHispanic blacks had periodontitis [4] . Worldwide prevalence of the disease varies by race and geographic area, with older populations typically experiencing higher rates of periodontitis [1, 2] . Estimates of the global prevalence of severe periodontal disease generally range from 10 to 15%, although up to 90% may be affected by some form of milder periodontal disease, including gingivitis [2, 5] . In addition to age and race, other known risk factors for periodontal disease include male gender [2] , body mass index (BMI) [6] , tobacco, diabetes, and nutrition [5] . The impact of diabetes mellitus on periodontal disease has been shown to be independent of other major risk factors [1] . Populations with low socioeconomic status and those with limited access to dental care may also be at an increased risk for the disease [1] . Furthermore, limited research on the genetic component of adult periodontitis suggests that approximately one-half of cases may be heritable [7] .
The bacteria identified to most likely play an etiologic role in the development of periodontal disease include Porphyromonas gingivalis, Actinobacillus actinomycetemcomitans, Tannerella forsythensis, and Treponema denticola [5, 8] . However, many other pathogens have been identified in periodontal lesions, including human cytomegalovirus and the carcinogenic Epstein-Barr virus [9, 10] . Interestingly, many of these bacteria are also present at low levels in the dental plaque of healthy people [11] . Periodontal disease progression is signaled by a shift in the bacterial makeup of the dental biofilm from largely aerobic Gram-positive bacteria to a pathogenic infectious state dominated by anaerobic Gram-negative organisms [11] . The pathogenic organisms initiate an inflammatory response in nearby tissues, and begin to attack and destroy the alveolar bone and supporting tissues around the teeth [12, 13] . Thus, the onset of periodontal disease is not marked by the establishment of a novel infectious strain, but rather by a shift in the dominant strains composing the dental plaque biofilm. The exact mechanisms leading to the high proportion of invasive, destructive bacterial strains, and thus inflammation and disease progression, are unclear. It is thought that a local infection such as that occurring in periodontal disease may contribute to the establishment of a systemic inflammatory condition in genetically susceptible individuals known as ''hyperinflammatory phenotype,'' potentially involving increased production of inflammatory mediators and a breakdown of pathways responsible for immune resolution [11, 14] . Recent research suggests that the ongoing inflammatory response instigated by periodontal pathogens leads to an increase in numerous markers of systemic inflammation including Creactive protein, IL-1b, IL-6, TNF-a, and Matrix Metalloprotenases [11, [15] [16] [17] .
Recent epidemiologic research has linked periodontal pathogens to several systemic diseases, including cardiovascular disease, diabetes mellitus, and preterm birth, possibly mediated through markers of systemic infection and inflammation [11, [18] [19] [20] . Associations with osteoporosis, respiratory disease, and systemic infections have also been observed [10, 13, 20, 21] . In addition, the results of several epidemiologic studies have suggested a possible positive association between periodontal disease and cancer risk in different tissues, most notably in the mouth, upper gastrointestinal system, lung, and pancreas [3, [22] [23] [24] [25] [26] [27] . In light of recent findings between periodontal disease, oral health, and carcinogenesis, a review of the current literature in this area is presented. This review includes only studies that directly assessed and quantitatively measured tooth loss or periodontal disease as a potential risk factor for carcinogenesis in humans, and that included some assessment of potential confounding factors. Studies using only less specific and indirect measures of gum disease such as oral hygiene, frequency of tooth brushing, or denture use, or studies with insufficient quantitative data on associations with tooth loss were not included in this review. Articles were identified through searches of PubMed MEDLINE through September 2007, using the following search terms: ''periodontitis,'' ''tooth loss,'' ''periodontal disease,'' ''gum disease,'' ''oral health,'' and ''oral hygiene'' in combination with ''cancer,'' as well as specific cancers, and by scanning the reference lists of retrieved articles. A summary of these studies is presented in Table 1 .
Review of epidemiologic literature

Measuring periodontal disease
Studies investigating the association between periodontal disease and cancer have used a variety of measures to define periodontal disease and the manner in which disease progression is ascertained. There is no standardized definition or clinical criteria for periodontal disease used consistently in periodontal epidemiologic research, making comparisons of studies examining the association between periodontal disease and cancer difficult [2] . Various methods of assessing periodontal status include self-reported or medical history of periodontal disease; measuring several sites on each tooth to assess pocket depth and attachment loss; and measuring alveolar bone height with radiographs. Since periodontitis is a primary cause of tooth loss in adults, the number of lost adult teeth has also been used as a marker of periodontal disease in epidemiologic literature [3, 28] . However, population and age at which tooth loss occurs influences whether or not the tooth loss was caused by periodontal disease. Tooth loss at an older age is more likely to be caused by chronic periodontal disease, while teeth lost at younger ages may most likely be the result of dental caries [1] . It is estimated that between 30 and 35% of all tooth extractions are due to periodontitis, while approximately one-half are the result of dental caries [1] . Since the association between tooth extraction and dental caries has been shown to considerably vary with age [29] , assessing the presence of periodontal disease by extent of tooth loss alone may be inadequate to examine the link between periodontal disease and cancer; studies in this area may, however, provide some insights into the overall role of oral health in relation to malignant neoplasms. If clinical exams are not feasible, or are not carried out in a standardized manner, measures such as reported history of periodontal disease, self-reported tooth loss due to periodontal disease, or bitewing radiographs may provide a better assessment of the presence of periodontal disease.
Oral cancer
Measures of oral hygiene have been considered as potential risk factors for oral cancer for many decades [30] [31] [32] . However, the results have been inconsistent [27] . The main risk factors for the development of oral cancer are tobacco and alcohol consumption, both of which are associated with dental hygiene and therefore likely to be confounders of an association with tooth loss [27, 33] . In addition, some studies have noted that infection with high-risk strains of Human Papillomavirus (HPV) is an independent risk factor for development of oral cancer, particularly in the tonsils, oropharynx, and oral cavity [34, 35] . The following section will review six recent case-control studies on the possible link between tooth loss, periodontal disease, and oral cancer. All articles quantified the extent of tooth loss, and also included assessment of important confounders such as tobacco and alcohol use, whereas some prior studies not reviewed here used more general evaluations of dentition. A case-control study of dentition and risk of oral cancer was conducted in Beijing, China between 1989 and 1990 [31] . The 404 matched cases and hospital-based controls completed a standardized questionnaire and underwent an oral examination, which included recording the number of missing teeth and presence of gingivitis or periodontal disease [31] . Multivariate analyses were stratified by gender; for men, a 2-3 fold increase in risk of oral cancer was observed for any tooth loss with and without tooth replacement, and a 5-8 fold increase in risk for the same comparison in women (see Table 1 ). A multiplicative interaction was observed among lost teeth, tobacco [33] . One control was matched to each of 290 cases of oral cancer, with all information collected by interview. The authors found a significant 2.7-fold increase in risk of oral cancer for participants who lost 11 or more teeth, compared to those who lost none, after adjustment for alcohol and smoking (see Table 1 ) [33] . Persons who smoked cigarettes, drank alcohol, and had lost teeth without replacement were at increased risk for oral cancer (OR: 12.8, 95% CI: 4.9, 33.8) when compared to individuals who did not smoke or drink and had not lost any teeth; these latter findings are consistent with the results from the Chinese case-control study [33] .
The risk of intra-oral squamous cell carcinoma was examined in 161 cases and 400 matched controls from Denmark between 1986 and 1990 [36] . All information was collected by questionnaires administered at baseline, including detailed information on a number of risk factors for oral cancer including tobacco, alcohol, dental status, and occupational exposures. A significant two-fold increase in cancer risk was observed for individuals with fewer than 15 teeth after adjustment for lifetime consumption of tobacco and alcohol (see Table 1 ). Similar findings were observed when a variety of potentially confounding factors were controlled for in the analysis [36] .
A more recent case-control study conducted in Cuba as part of an international study of oral cancer and HPV collected information on 200 cases of oral and oropharyngeal cancer and 200 hospital-based controls between 1996 and 1999 [37] . Information on potential risk factors and confounders was collected via questionnaire. Indicators of oral status, such as number of missing teeth without replacement and general oral condition, were assessed by dental examinations conducted by dentists not blinded to case status. In this study, missing 16 or more teeth was associated with a significant 2.7-fold increase in oral cancer after multivariable adjustment, as compared to participants missing five or fewer teeth, while missing 6-15 teeth was associated with a nonsignificant 1.8-fold increase (see Table 1 ) [37] .
A case-control study conducted in Italy from the same international study on oral cancer and HPV examined tooth loss, dental care, and general condition of the mouth as potential risk factors for oral cancer [38] . Information was collected on 132 cases and 148 hospital-based controls in the same manner as for the Cuban study. However, in this population, missing 16 or more teeth was not found to be significantly associated with an increased cancer risk in multivariate analyses, although there was a marginal 1.4-fold increase.
More recently, a population-based case-control study investigated the association between oral status and oral infections as risk factors for oral and oropharyngeal squamous cell carcinoma (OOSCC) in southern Sweden [27] . Between 2000 and 2004, 132 cases and 320 matched controls completed standardized interviews and comprehensive oral exams, including panoramic radiographs and a modified gingival bleeding index (GBI) to measure gum bleeding after gentle probing of the gingival crevice. The authors found that poor and average oral hygiene, as measured by visible plaque, were significant predictors of disease after adjustment for tobacco and alcohol, compared to good oral hygiene. Regular dental check-ups were associated with a significantly reduced risk of OOSCC (OR: 0.4, 95% CI: 0.2, 0.6), while individuals who had lost more than 20 teeth experienced a significant three-fold increase in risk of cancer in multivariate analyses. Panoramic radiographs revealed that participants with ''a high degree of marginal bone loss,'' a marker of periodontal disease progression, experienced an elevated cancer risk in unadjusted analyses; the association was similar but the estimate not statistically significant after adjustment for confounders [27] .
In summary, five of the six case-control studies that have quantitatively examined the association between tooth loss and oral cancer have observed 2-3 fold significant increases in risk from tooth loss after controlling for smoking and alcohol use (Fig. 1) . Moreover, two of these studies reported interactions with smoking and alcohol, suggesting that tooth loss may be contributing to oral carcinogenesis through the promotion of initiated tumors or other complex interactive mechanisms. Since the magnitude of associations with known risk factors such as smoking, alcohol, and HPV may vary between sites in the oral cavity, the effects of periodontal disease on oral cancer may also differ by site [39] . Future studies should carry out their analyses according to oral cancer site, such as the pharynx, larynx, and oral cavity, to determine whether similar associations between cancers at these sites and tooth loss exist. To date, only six studies, all with a casecontrol design, have evaluated the association between tooth loss and oral cancer; no studies have examined oral cancer risk with a more precise measure of periodontal disease. Therefore, further research in this area is warranted to better understand the role of oral hygiene and oral cancer.
Upper gastrointestinal and gastric cancer
The association between tooth loss and upper gastrointestinal cancers, including cancers of the upper aerodigestive tract (UADT), esophagus, and stomach (cardiac and noncardiac), has been assessed in a number of studies. To date, four studies have been conducted on this topic in various populations; two in Chinese populations [24, 25] , one in a cohort of Finnish smokers [40] , and one in Japan [41] . These studies are summarized in Table 1 and discussed below. In addition, two earlier studies had also examined tooth loss and gastric cancer but these did not provide measures for the associations. In one study (published in 1976), early tooth loss was suggested to be a possible predictor of the disease in Germany [42] , and in a case-control study from Turkey, individuals with stomach cancer had significantly fewer teeth [43] .
In a case-control study from Hokkaido, Japan in the 1990s, consisting of 242 cases with gastric cancer and 484 matched controls, the loss of more than 10 teeth led to a two-fold increased odds of gastric cancer. The authors observed a significant dose-response relationship between the odds of developing gastric cancer and the number of teeth lost (p = 0.0002) [41] .
Two recent studies measured poor oral health and hygiene, as reflected by the degree of tooth loss, in Linxian, People's Republic of China [24, 25] . The authors mentioned that many people in this region experience tooth loss early in life, as dental care is difficult to attain [24] . It should also be noted that this population experiences extraordinarily high rates of esophageal and gastric cardia cancer [24] . In 2001, Abnet et al. investigated the relationship between tooth loss and development of incident esophageal and gastric cancers in a large cohort in the rural Linxian region of China. Tooth loss was measured at baseline examinations in 1985, and further classified according to the number of teeth lost and age at first tooth loss. Results showed a median of six teeth lost among the 74% of participants who reported missing teeth, with the median age at first permanent tooth loss being 39 years. In multivariate adjusted analyses, statistically significant associations were detected for tooth loss and the risk of esophageal squamous cell carcinoma, gastric cardia adenocarcinoma, and gastric noncardia adenocarcinoma; the strongest association was observed for noncardia adenocarcinoma (see Table 1 ). The greatest risk associated with tooth loss for all studied cancers, and gastric noncardia adenocarcinoma in particular (RR: 3.3, 95% CI: 0.85-12.4), was observed among participants less than 50 years old [24] .
In deaths, other cancer deaths, and deaths from heart disease and stroke in this cohort of nearly 29,000 individuals over a more extended follow-up period (15 years) [25] . The authors found a significant relationship between tooth loss and risk of dying from upper GI cancer, with age as an effect modifier; the greatest increase in risk was observed among participants less than 50 years old (RR: 1.25, 95% CI: 1.06, 1.48) [25] . In addition, a difference in the effect of tooth loss on upper GI cancer mortality was noted between smokers and nonsmokers; the risk of upper GI cancer associated with increased tooth loss among male never-smokers was actually higher than that observed in male ever-smokers (see Table 1 ). In this population, esophageal, gastric cardia and noncardia cancers were responsible for 51, 23, and 10% of total cancer deaths, respectively. A third study by Abnet et al. examined tooth loss and gastric noncardia adenocarcinoma in a cohort of Finnish male smokers participating in the Alpha-Tocopherol, BetaCarotene Cancer Prevention Study (ATBC) [40] . This study assessed potential confounding of previously reported associations between tooth loss and gastric noncardia cancer by testing for infection with carcinogenic Helicobacter pylori in a subset of 249 cases and 246 controls. Dental history, including number of missing permanent teeth, was self-reported through questionnaires administered at baseline [40] . A significant two-fold increase in the risk of gastric noncardia adenocarcinoma was reported for edentulous individuals, compared to individuals who lost 10 or fewer teeth after adjusting for age and education. Further adjustment for dietary factors, smoking, and H. pylori seropositivity did not impact the estimates (see Table 1 ).
To date, six studies have examined the relation between tooth loss and upper gastrointestinal cancers; three of which were cohort studies (Fig. 2) . The strongest associations were reported for noncardia gastric cancer; elevated risks were observed in two different populations, and after controlling for H. pylori in one study. As H. pylori is only associated with noncardia gastric cancer, the observed increase in risk with tooth loss suggests that certain oral bacteria could play a role in this subtype of cancer through similar inflammatory mechanisms. However, more studies, with accurate assessment of periodontal disease and tight control for smoking and H. pylori infection, are needed to confirm these preliminary findings.
Lung cancer
Several studies have investigated the relationship between periodontal disease and lung cancer. In the population-based NHANES I Epidemiologic Follow-up Study, encompassing 11,328 adults, periodontal structure was assessed by dentists and trained recorders using the Russell Index, a summary measure for periodontitis, during baseline examinations between 1971 and 1975 [23] . Periodontitis was defined as having a periodontal pocket with attachment loss. Follow-up through 1992 identified 191 fatal cases of cancer of the lung and bronchus [23] . Hujoel et al. found periodontitis was significantly associated with total cancer deaths, as well as lung cancer specifically. A more detailed analysis of the association with lung cancer found a statistically significant 73% increase in the risk of dying from lung cancer for individuals with periodontitis after adjustment for age, gender, socioeconomic status, smoking habits, vitamin A and C consumption, and alcohol intake. However, this association no longer remained significant when the adjusted analysis was restricted to never-smokers [23] . When restricted to smokers, the adjusted hazard ratio was higher by approximately two-fold (see Table 1 ).
Studies on Tooth Loss and Gastric and Upper Gastrointestinal Cancer Risk
The association between periodontal pathogens and lung cancer is controversial, especially given the well-established and strong association between cigarette smoking and the risk of lung cancer. In a recent study conducted in Scotland, no association was observed between tooth loss, both with and without adjustment for baseline smoking status, and lung cancer [44] .
Only two studies, both cohort studies, have examined tooth loss or periodontal disease with risk of lung cancer. Based on these two studies alone, it does not appear as though tooth loss or periodontal disease is associated with lung cancer as most of the excess risk is likely due to confounding by smoking.
Pancreatic cancer
A positive association between tooth loss and pancreatic cancer was reported in a study of the ATBC cohort of male smokers in Finland [22] . Incident cases of pancreatic cancer were recorded between 1985 and 1997 among an eligible cohort of 29,104 men. A trend of increasing cancer risk with number of lost teeth was observed in this study. However, only the hazard ratio for edentulous individuals remained significant after multivariate adjustment, compared to individuals missing 0-10 teeth (see Table 1 ) [22] .
In addition to an increased risk of lung cancer, Hujoel et al. observed an increased risk for pancreatic cancer in individuals with periodontitis in the NHANES I population [23] . Positive associations were suggested for individuals with periodontitis, gingivitis, and edentulism with pancreatic cancer, but these relationships were attenuated after adjustment for a limited number of potential confounding factors. No adjustment was made for smoking status in this analysis.
A recently published prospective study of 48,375 male health professionals found a 64% increase in the risk of pancreatic cancer for those reporting a history of periodontal disease at baseline (see Table 1 ) [3] . The association between periodontal disease and pancreatic cancer was stronger among those who were never-smokers, minimizing the possibility of residual confounding by smoking. Number of teeth at baseline was not related to risk of pancreatic cancer; however, measuring tooth loss only over the past four years was a statistically significant predictor of pancreatic cancer risk after adjustment for baseline periodontal disease [3] . When both periodontal disease and tooth loss over the past four years were assessed jointly, risk of pancreatic cancer increased greatly, with a risk ratio of 2.71 (95% CI: 1.70, 4.32) compared to individuals with neither periodontal disease nor recent tooth loss. These results suggest that recent tooth loss may be a marker for severity of periodontal disease, whereas baseline tooth loss may reflect more caries than periodontal.
To date, three cohort studies, two of which had direct data on periodontal disease [3, 23] , suggest that periodontal disease may play a role in the development of pancreatic cancer, independent of other known risk factors such as smoking. More work is needed to confirm these findings and explore potential biological mechanisms.
Total cancer
Only three studies have examined the relationship between periodontal disease and total cancer mortality, with limited findings [23, 28, 44] . In the NHANES I Study, baseline periodontitis, gingivitis, and edentulism were associated with increased risk of fatal cancer but the analyses were not adjusted for smoking and are therefore, difficult to interpret.
Cabrera et al. examined the relation between tooth loss and cancer mortality in a prospective cohort of 1,462 women in western Sweden over a 24 year follow-up period [28] . There was no significant association between tooth loss and all site cancer morbidity or mortality in this study (see Table 1 ) [28] . It should be noted that no association was reported between tooth loss and C-reactive protein in this study.
Similarly, no association was observed between cancer and tooth loss using data from the Glasgow Alumni Cohort, a cohort of 12,223 university students recruited between 1948 and 1968, and followed up for more than 50 years. Oral health was measured by number of lost teeth at baseline, likely before smoking could have greatly impacted oral health [44] . There was no association found between number of teeth lost in young adulthood and cancer mortality (see Table 1 ). Since the study population was quite young at baseline, it is possible that reported tooth loss may be due primarily to caries and not periodontal disease in these individuals.
Discussion
Potential confounding of the association between tooth loss, periodontal disease and cancer It has been suggested that any observed association between tooth loss, periodontal disease, and cancer may be due largely to residual confounding by unmeasured smoking or socioeconomic factors [23, 28, 45] . Smoking has been identified as a major modifiable risk factor for developing periodontal disease, and may be responsible for a large proportion of adult cases in the US, particularly among current smokers [46, 47] . Smoking is also associated with increased risk of tooth loss, which may confound the interpretation of the tooth loss-cancer association [47] . The relative risk of destructive periodontal disease for a smoker is estimated to be 5-to 6-fold higher than that of a nonsmoker, and may vary based on the definition of disease. This estimate increases for heavy smokers, with a 10-to 15-fold increase in risk of periodontal disease compared to nonsmokers [47] . As it is estimated that smoking increases the risk of lung cancer by 20-fold compared to never-smokers [48] , residual confounding could explain the small excess risk observed with periodontal disease. In an analysis of data from the NHANES I Study, the observed increase in lung cancer among individuals with baseline periodontitis did not persist when the analysis was restricted to never-smokers [23] . In addition, Tu et al. considered a lung cancer-tooth loss association as evidence of residual confounding due to smoking [44] . It has been suggested that studies on periodontal disease and systemic diseases should be restricted to never-smokers in order to reduce the influence from smoking [49] . However, the concern of residual confounding by smoking may not apply to all cancers. For example, the increase in risk of gastric cancer associated with smoking is much lower than for lung cancer, with the 2004 US Surgeon General's Report providing a relative risk of 1.6 for all stomach cancers [50] . Therefore, a two-fold increase in risk observed between periodontal disease and gastric cancer is unlikely to be explained by smoking alone.
Similarly, for pancreatic cancer, smoking is associated with a two-fold increase in risk and therefore, residual confounding by smoking is unlikely to explain the increase in risk for periodontal disease reported by Michaud et al. [51] . Moreover, the association between these conditions was stronger among never-smokers in the Health Professionals Follow-Up Study (RR 2.09 in nonsmokers versus 1.63 overall). A stronger association among male neversmokers (RR 1.59 versus RR 1.35 overall) was also reported by Abnet et al. for tooth loss and upper gastrointestinal cancer [25] .
Other possibilities for confounding exist. Tooth loss resulting from advanced periodontal disease may be related to changes in diet, such as reduced intake of fruits and vegetables [52] . For some cancers, such as oral cancer and gastric cancer, where fruit, vegetable, and vitamin C intake is thought to decrease the risk of cancer, not controlling for diet could result in confounding. A prospective assessment of diet in the years preceding a diagnosis of periodontal disease may help to determine the direction of the association. In addition, diabetes is another known risk factor for periodontitis and tooth loss that could, to some degree and for certain cancers [53] [54] [55] , result in confounding if not adjusted for in the analysis.
Possible explanations and biological mechanisms
In numerous observational studies, tooth loss or periodontal disease have been identified as potential risk factors for cancer at different sites. Several hypotheses have been proposed to explain the observed relationships between periodontal disease and cancer, including chronic systemic inflammation and increased exposure to carcinogenic nitrosamines through smoking or diet, but no mechanisms are established. Mechanisms of carcinogenesis could also differ by site. For example, bacteria may play a more direct role in carcinogenesis in the mouth or lung, whereas in more distant organs, systemic inflammation or nitrosamines may play a more important role.
The relationship between inflammation and cancer has been well-documented in the recent literature, although the original hypotheses linking the two appeared more than a century ago [56] [57] [58] . Periodontitis is a chronic inflammatory disease attacking the supporting tissues around the teeth, resulting in constant low-grade systemic inflammation with elevated levels of circulating inflammatory markers [11] . Identified inflammatory markers produced in the immune response to periodontal disease include proinflammatory plasma cytokines, peripheral white blood cells, prostanoids, proteases including matrix metalloproteinases, and acute-phase proteins [8, 11, 56, 59] . It is also possible that the chronic inflammation induced by periodontal pathogens serves to promote already initiated cells, leading to the breakdown of normal cell growth control, and potential carcinogenesis [56] . Periodontal bacteria may also play a more direct role through local inflammatory responses and carcinogenic transformations.
Alternatively, chronic periodontal disease may indicate that an individual's immune system is deficient at clearing infection, and subsequently deficient at surveillance for tumor growth. It is possible that periodontitis may be a marker of a type of immune function that has implications for tumor growth and progression.
Increased production of carcinogenic nitrosamines is another plausible mechanism which may explain the reported observations. The formation of endogenous nitrosamines in the oral cavity by nitrate-reducing bacteria is promoted by poor oral hygiene and periodontal disease, as well as by tobacco use and certain dietary factors [60] [61] [62] . Tooth loss resulting from poor oral hygiene may also contribute to greater nitrosamine production [40] .
Conclusion
To date, only a limited number of studies have reported associations between periodontal disease or tooth loss and cancer risk, and most have focused on oral and upper gastrointestinal tract cancers. Although these studies have been conducted in different populations and have used different measures of periodontal status, associations with oral, gastric, and pancreatic cancers tend to persist despite tight control for smoking. The risk of oral cancer is approximately two-fold higher in individuals with extensive tooth loss, an estimate that appears to be dosedependent. A weaker association may exist for tooth loss and gastric cancer, although it may be stronger specifically for noncardia gastric cancer. Three cohort studies suggest that tooth loss and periodontal disease may be related to the risk of pancreatic cancer. Studies on lung cancer and total cancer suggest an increased risk from periodontal disease, although the associations are weaker, and more likely influenced by smoking and other non-causal factors.
Analyses with adjustment for smoking exposure, including some restricted to nonsmokers, have found significant positive associations with different cancer sites. This suggests that although residual confounding by smoking may still be present, it is unlikely to account for all of the observations with tooth loss, periodontal disease, and cancer. In addition, populations with largely homogenous socioeconomic status such as the Health Professionals Follow-Up Study and the cohort of farmers from rural Linxian, China have reported positive findings, suggesting that socioeconomic factors are not likely to account entirely for the reported relationships.
This review has outlined recent epidemiologic research pointing to a possible role for tooth loss and periodontal disease in carcinogenesis, independent of other known risk factors. Future research is warranted to confirm present findings using more specific measures of periodontal status, and to explore this postulated association among neversmokers. If additional epidemiologic data confirm the role of periodontal disease in cancer etiology, further studies will be needed to elucidate the biological mechanisms involved.
